Escherichia coli RNA polymerase (EC 2.7.7.6), bound in a tight complex at an early T7 promoter, protects 41 to 43 base pairs of DNA from digestion by DNase I. The protected DNA fragment contains both the binding site for RNA polymerase and the mRNA initiation point for the promoter. The sequence of the DNA fragment and the sequence of the mRNA that it codes for are presented here. A seven-base-pair sequence, apparently common to all promoters, is implicated in the formation of a tight binary complex with RNA polymerase.
The transcription of a gene begins at a specific site called a promoter (1) . At such a site the RNA polymerase interacts with the DNA in order to initiate the synthesis of an RNA molecule. How does the polymerase recognize a promoter? The answer might be found in the nucleotide sequence of the DNA.
At 370, in a low salt environment, the Escherichia coli RNA polymerase (holoenzyme) * (EC 2.7.7.6; nucleosidetriphosphate: RNA nucleotidyltransferase) forms tight binary complexes at a limited number of sites along a DNA template (2) (3) (4) (5) (6) (7) (8) . At any particular site, the double-stranded region of the DNA bound up in a stable complex is "protected" by the polymerase from digestion with DNase (8) (9) (10) (11) (12) (13) . The end product of such DNase treatment is an intact complex consisting of a polymerase molecule bound to a specific DNA fragment (8, 14) . What is the nature of the protected DNA fragment, and how does it relate to a promoter?
I have isolated a single RNA polymerase-protected fragment from the "early region" of bacteriophage T7 DNA. This DNA fragment contains the initiation point for an "early" T7 messenger RNA molecule. Here I report the nucleotide sequence of the promoter fragment.
METHODS AND RESULTS
E. coli RNA polymerase transcribes the first 20% (the early region) of the 25 X 106 molecular weight T7 genome in vivo (15) (16) (17) and in vitro (17) (18) (19) (20) . Most transcription is initiated at three strong, independent promoters (Al, A2, and A3) situated at the far left end of the T7 DNA molecule, preceding the first of the early genes (17, 20) . RNA polymerase forms tight binary complexes at these three sites (4) (5) (6) (7) . In order to isolate and determine the sequence of a single T7 binding site, a way had to be found to bind the polymerase selectively to one T7 promoter.
Tight complexes between RNA polymerase and its binding sites are destabilized when the salt concentration in the binding mixture is raised (or when the temperature is lowered) (2-4, 6, 21-23) . Under these conditions DNase can degrade all of the DNA. If, however, the polymerase has been allowed to initiate RNA synthesis, elevated salt concentrations do not disengage the polymerase (2, (21) (22) (23) , and polymerase-protected DNA fragments can be obtained (13) . I have been able to selectively "lock" RNA polymerase onto the T7 A3 promoter by forming a salt-stable, initiated complex exclusively at that site on the T7 genome. The key to the specification of the A3 site is the use of a dinucleotide (24, 25) to direct a limited initiation event. E. Minkley and I (20) have shown that particular dinucleotides (50-100 ,m) can be used in the presence of very low concentrations of triphosphates to selectively "prime" transcription by RNA polymerase at specific T7 promoters. The polymerase makes use of a dinucleotide by adding RNA precursors onto its 3'-OH end (20, 26) . When RNA polymerase and T7 DNA are mixed together with the dinucleotide CpA and the triphosphate CTP, the polymerase "initiates" synthesis, forming CpApC-OH, exclusively at the T7 A3 promoter. The formation of the phosphodiester bond between CpA and CTP renders the complex stable in 0.2 M KCl and insensitive to inactivation by the drug, rifampicin (5, 27) . [The elongation of CpApC-OH primer in the presence of rifampicin produced only class A3 messengers (20 CTP. Nothing but small digestion products was obtained when polymerase was absent from the initiation reaction.
An advantage of obtaining the protected fragment from an initiated complex is that the fragment is expected to contain the sequence at which RNA polymerase normally initiates A3 mRNA synthesis. To verify this, I determined the initial sequence of the RNA molecule transcribed from the T7 A3 promoter and then asked whether the A3 protected fragment coded for that same RNA sequence.
In order to obtain RNA from the A3 promoter alone, I allowed RNA polymerase to initiate at the A3 site with CpA and [a-32P]CTP (5 min, 370) and added rifampicin to block any subsequent initiation. Then I added ATP, GTP, and UTP (all a-82P-labeled) to a final concentration of 2.0 ,uM and allowed synthesis to proceed at 25°for 10 min before stopping the reaction with sodium dodecyl sulfate. In the presence of very low concentrations of triphosphates (1.0-5.0 IM), RNA polymerase "pauses" (for reasons which remain unclear) as it transcribes a template, giving rise to a series of overlapping products with a common initiation point (28) . Thus, a radioautograph of a polyacrylamide gel on which the A3 RNA products were run showed a series of distinct, labeled RNA bands, whose sizes ranged from about 5 to 80 nucleotides. New Ti oligonucleotides appeared on the fingerprints as progressively longer RNAs were eluted from the gel, digested with RNase Ti, and fingerprinted, establishing -a unique oligonucleotide order extending from the 5' end. When the sequences of the individual oligonucleotides were determined by subsequent pancreatic RNase digestion and alkaline hydrolysis, the sequence of the longest RNA product analyzed could be deduced. The first 19 bases of the CpA-primed A3 RNA are:
. Does the protected fragment from the A3 site code for any of this sequence?
I prepared complexes between RNA polymerase and the A3 DNA fragment by initiating synthesis with CpA and CTP and then treating with DNase, as described earlier. At the end of 10 minutes' DNase digestion, however, ATP, GTP, and UTP (all a-'2P-labeled, 3.5 MM) were added to the reaction, and RNA synthesis was allowed to proceed for 5 min at 370. When the products of this "run-off" synthesis were electrophoresed on a polyacrylamide gel, a pattern of labeled bands identical to that obtained in the previous experiment was observed, except that no products longer than 21 or 22 nucleotides had been synthesized. The sequence of the longest "run-off" product, transcribed from the initiation point to the end of the DNA fragment, was found to be:
(the last two or three bases were not determined).
The two CpA-primed RNA sequences are identical, but RNA polymerase normally initiates synthesis at the T7 A3 promoter with ATP (17, 20) . However, it is known that dinucleotide initiations do occur within a few bases of normal, ATP or GTP (29) initiations. CpA primes synthesis from the T7 Al promoter (20) , generating the sequence C-A-U-C-G-OH (D.P., unpublished results), and Kramer et al. (30) have shown that the in vivo Al mRNA sequence begins ppp-A-U-C-G-OH; in addition, the dinucleotide GpA primes lac UV5 RNA synthesis, giving rise to the sequence G-A-A-U-U-G-OH (28) , and the normal, ATP-initiated UV5 RNA sequence begins pppA-A-U-U-G-OH (28 pppA-U-G-OH, suggesting that the polymerase normally initiates at the A-U-G in the CpA-primed RNA sequence (see Fig 2) . Thus, the A3 promoter fragment, which is over 40 base pairs long, codes for 18 or Determination of the sequence of RNA is technically more manageable than determination of that of DNA. I, therefore, wanted to obtain an RNA sequence that was complementary to the A3 promoter fragment. Since RNA complementary to the entire transcribed strand (r-strand) (31) of the DNA fragment would contain the A3 "run-off" sequence at its 3' end, I decided to isolate the RNA by hybridizing denatured A3 DNA fragments to natural, r-strand transcripts which "read through" the A3 promoter. RNase treatment of the hybridization mixture should leave no RNA intact except that which is directly hybridized to the r-strand of the DNA fragments. The scheme is outlined in Fig. 1 and is detailed below.
Since RNA chains initiated at the Al and A2 promoters "read through" the A3 site (17, 20) , a complete copy of the A3 promoter sequence is contained within these transcripts (see Fig. 2 ). Therefore, in one reaction I synthesized high specific activity [82P]RNA from the Al, A2, and A3 sites using the dinucleotides CpA and CpC (20) the first column is a sample derived from a T1 RNase digest of labeled transcripts that had been hybridized to A3 DNA fragments. In the second column is a control sample in Which the hybridization was carried out in the absence of DNA fragments. A similar control pattern was obtained when: (i) A3 fragments were addedbafter the 600 hybridization, (ii) the hybridization was carried out at 00, and (iii) the preparation of DNA fragments was done without initiation-no CTP was present in the binding reaction.
The lengths of bands A and B, estimated from a calibration curve provided by T. Maniatis, are 52 and 49 bases, respectively. Since both bands represent RNA copied from the same DNA strand, band B must be a slightly shorter piece of band A RNA. This is borne out by the sequence determined for each RNA.
The sequence of the longer band (A) is: 5' A-A-G-U-A-A-A-C-A-C-G-G-U-A-C-G-A-U-G-U-A-C-C-A-C-A-U-G-A-A-A-C-G-A-C-A-G-U-G-A-G-U-C-A-C(C,A)C-A-C-U-G(A) -OH 3'
. Band B has exactly the same sequence except that it does not contain the 5' oligonucleotide, A-A-G. These sequences were determined by standard techniques (33), including RNase T1 and RNase A fingerprints, digestion of T1 oligonucleotides with RNase A or RNase U2, digestion of RNase A oligonucleotides with RNase T1, and alkaline hydrolysis to determine nearest neighbors (the RNA was labeled separately with each of the four triphosphates). The italicized portion of the RNA sequence given above is identical to the A3 "runoff" sequence, proving that the hybrid RNA does in fact contain the sequence of the A3 promoter fragment.
The DNA sequence of the promoter fragment, inferred directly from the RNA sequence, is presented in Fig. 2 U-A phosphodiester bond was inaccessible to the enzyme. Thus, the probable left end of the DNA fragment is after the A-T base pair or after the G-C base pair, as indicated in Fig.  2 . Since "run-off" synthesis apparently proceeds all of the way to the end of the bound DNA, the right end of the protected fragment is established by the length of the "run off" product. The CpApC-primed "run-off" RNA is 21 or 22 nucleotides long, placing the right end of the DNA fragment immediately after the C-G base pair or the A-T base pair, again indicated by arrows. The actual length of the polymerase-protected A3 DNA fragment is therefore 41 to 43 base pairs.
Whereas the DNA sequence (Fig. 2) is that of a promoter fragment obtained from an "initiated" complex, RNA polymerase does form a tight, but noninitiated complex at the A3 promoter (5) (6) (7) . What is the relationship between the positions occupied by the polymerase at the A3 promoter in these two alternative states? To answer this question, I first incubated RNA polymerase and T7 [32P]DNA together in low salt (0.05 M KCl, 10 min at 370), enabling complexes to form at all early T7 promoters (no dinucleotides or triphosphates were present); then the mixture was treated for 10 min with DNase I, still in low salt, and the digestion was stopped with EDTA. When the radioactive DNA fragments were subsequently run on a polyacrylamide gel, they were seen to migrate as a single band in the same position as purified A3 promoter fragments (obtained from initiated complexes). Thus, RNA polymerase protects the same amount of double-stranded DNA when it is initiated at the A3 promoter and when it is bound in a noninitiated conformation at any early T7 promoter.
To determine what sequence at the A3 promoter is protected from DNase by noninitiated polymerase molecules, I did a hybridization experiment similar to that described earlier (Fig. 1) , but using DNA fragments that were obtained in low salt from DNase-treated, noninitiated complexes. When the [32P]RNA complementary to the protected fragments was run on a polyacrylamide gel, several distinct bands in the size range of 40 to 50 nucleotides were observed. Two of these bands migrated identically to the A3 bands A and B shown in Fig. 3 . These two RNAs were eluted from the gel and fingerprinted, and it was determined that they had exactly the same sequences as the hybrid RNAs A and B. Figure 4 (as inferred protected sequences), along with the fd and T7 sequences, and are written as RNA sequences so as to facilitate a comparison. Transcription is oriented from left to right, and the mRNA initiation point is underlined in each case. The sequences are written with the initiation points essentially in vertical alignment, since the polymerase binds promoters in a fixed position relative to the initiation points.
Among the promoter sequences, there is a homologous, 7-base sequence lying to the left of the initiation points. I feel that the DNA sequence
is implicated in the formation of a tight binary complex with RNA polymerase. Essentially the same conclusion has been 72 (1975) reached by Schaller et al. (14) . The difference between two lac promoter sequences demonstrates the importance of this common sequence. The wild-type lac promoter sequence requires an auxiliary protein, catabolite activator protein (38) , for efficient function. J. Gralla (personal communication) has shown that the UV5 promoter mutation (39) changes the lac sequence so that it exactly matches the proposed binding sequence, and the UV5 promoter functions efficiently without the effector protein (40, 41) . The fact that the 7-base-pair sequence is A-T-rich is probably significant in that formation of a tight polymerase-DNA complex involves "local melting" of the DNA strands (42) .
In functional and molecular terms, a promoter is a region along a DNA template at which RNA polymerase first "recognizes" some sequence, then "melts out" a section of the DNA (42), forming a tight binary complex, and then initiates an RNA chain with ATP or GTP (29) as it begins transcribing the template. [A "weak" binary complex, demonstrated by Mangel and Chamberlin (6), may be formed at that recognition sequence.] Several arguments suggest that some sequence information required for promoter function defined in these terms is not contained in the polymerase-protected DNAs. Attempts to rebind RNA polymerase to isolated fd (14) and T7 A3 promoter fragments and to synthesize mRNA from these fragments have been unsuccessful. In addition, Maurer et al. (43) find that polymerase cannot form a stable complex with a large piece of lambda DNA, the left end of which is about 33 base pairs to the left of the lambda PL initiation point (as oriented in Fig. 4 ). Furthermore, a strong lambda promoter mutation, sex (44) , and two lac promoter mutations (45) fall in a region about 35 base pairs to the left of the lambda PL (35) and lac (37) mRNA initiation points. Therefore, it is likely that before the RNA polymerase can form the tight pre-initiation complex, it must interact with some sequence about 35 base pairs upstream from the initiation point, adjoining the region of the promoter that it protects from digestion by DNase 
